In this article we demonstrate that a migration of iodine species and chemical transformation in a moist environment induced by a voltage-biased Pt electrode is able to alter the color and degree of charge transfer in a layer of the 2D organic molecular metal (BEDO-TTF) 2.4 I 3 [BEDO = bis(ethylenedioxy)tetrathiafulvalene] self-assembled at the surface of a polycarbonate film. These effects produce a reversible electrochromic behavior of the layer with low operating voltages and fast operation times. Adjuvant with electrochromism, this flexible material exhibits rectifying behavior whose I-V curves are dependent on the voltage sweep directions. These results open new possibilities for the design and fabrication of organic flexible materials for soft electrochromic and rectifying components. The easy working principle ensures reliability, low power consumption, and versatility through its implementation into simple devices. Such working principle has been confirmed by temperature dependent resistance measurements, X-Ray, EDX-SEM, and conducting-AFM studies.
INTRODUCTION
Wearable electronics, cell phones, smart windows, sensors, and wireless communication devices [1] [2] [3] [4] need mechanically flexible electronic components with electrochromic [1] [2] [3] and rectifying diode properties. 5 In this context, the development of lightweight flexible organic conducting materials with electrochromic and rectifying properties has a great technological interest for their applications as electronic papers, smart windows, mirrors or glasses as well as flexible displays for cell phones. 1, [6] [7] [8] [9] Different strategies have been proposed to fabricating such flexible electronic components which all are based on thin-film technologies. One of these strategies uses thin-films of electrochromic conducting polymers, such as poly(3,4-ethylenedioxythiophene) (PEDOT) and its derivatives. 10, 11 It is shown that these polymers are very promising candidates as flexible electrochromic materials due to their high coloration efficiency, low band-gap, mechanical and electrochemical stability, and their availability in diverse colors. 10 However, further investigations to enhance the optical contrast and the long-term stability of conducting polymer-based electrochromic devices are still needed. Some of the recently reported flexible Schottky diodes are made of crystalline silicon microparticles, which require complex and expensive processing steps. 12 Another strategy is based on thinfilms of semiconducting inorganic materials, like indium-galliumzinc-oxide, which is deposited on flexible plastic substrates. 5 This type of hybrid material has excellent performances. However, it should be noted that organic polymers and inorganic materials have very different mechanical elastic constants. This mismatch may lead to durability issues with this type of hybrid materials. 13 The similarity of the elastic properties of layered components is desired for fabricating robust flexible electronic devices. Therefore, there is still a lot of room for improvement in regard to the longterm stability of the electroactive layers and their adhesion to plastic flexible substrates.
In previous years some groups have developed a series of allorganic layered thin-films with tunable conducting properties that range from semiconducting, metallic, to superconducting. [14] [15] [16] These layered thin-films are composed of an active layer of crosslinked organic conductor microcrystals that are directly grown on top of an insulating polymeric thin-film. These bi-layered (BL) materials are fabricated with a simple and scalable procedure, enabling the production of flexible, transparent, conformable, moldable, transferable, stretchable, and robust electronic materials with active layers of organic conductors that can be chosen "a la carte" and that are stable for several years at ambient conditions. Remarkably, these novel materials exhibit physical properties [17] [18] [19] [20] [21] [22] difficult to replicate with silicon or any other inorganic materials as well as with conducting polymers. 23 Thus, they are appealing to be one of the low-cost alternatives to today's silicon-based devices. 24 Indeed, these flexible, durable, and lightweight BL materials have been used to fabricate electrical circuits and various sensors for detecting pressures, strains or temperature changes. 17, 18, 25, 26 The above mentioned facts stimulated us to develop organic flexible material with electrochromic and rectifying properties based on such conducting BL films. In particular we focus our interest on BL films with an active layer of metallic (001) oriented microcrystals of (BEDO-TTF) 2.4 I 3 [BEDO-TTF = bis(ethylenedioxy) tetrathiafulvalene] [27] [28] [29] [30] that is directly grown on top of a thin polycarbonate substrate (Fig. 1a) . The selection of this particular type of BL film for such purposes is ideal due to three reasons.
First, unlike most polycrystalline thin films where their properties suffer due to grain boundaries and defects, the metallic triiodide salt of BEDO-TTF system is exceptionally robust. This allows the inheritance of the single-crystal electronic properties even though the active layer is a network of oriented microcrystals at the surface of a thin polycarbonate film. [29] [30] [31] Secondly, the metallic polycrystalline layer of (BEDO-TTF) 2.4 I 3 are formed under ambient conditions (Fig. 1a) via a very simple procedure. 22, 30, 31 Finally, a previous report has shown some evidence of colorchanging effects in this system. 31 It was suggested by Adam Tracz 31 that the polycrystalline layer of this metallic and intensively brown-colored salt may be transformed into a layer of colorless (BEDO-TTF) x [I(H 2 O) n ] salt. This transformation occurs when the layer of (BEDO-TTF) 2.4 I 3 of BL films losses the I 3 − anions when it is in contact with a metal electrode in the presence of water. 31 It was suggested that the colorless conducting layer is composed of a monoiodide salt, such as (BEDO-TTF) x Consequently, the electrical properties of the monoiodide salt are strongly related to the amount of water and I − incorporated into the anionic layer of the salt. 31 Due to the above mentioned reasons, we have chosen the polycarbonate/(BEDO-TTF) 2.4 I 3 film as the main candidate for developing a flexible electrochromic and rectifying components. In this article, we demonstrate a verification of the removability of I 3 − anions in the presence of water as the main mechanism for the discoloration effects. More excitingly, we discovered that the discoloration can be reversed by applying a reverse bias (ESI, Supporting Movie S1 and S2), providing further insights on the I 3 − anions interactions with the organic species. Furthermore, rectifying behaviors are also promoted as a result of the modification of the degree of charge transfer. The fast highcontrast electrochromism and rectifying properties of the polycarbonate/(BEDO-TTF) 2.4 I 3 provide yet another example of the versatility of organic bilayer films.
RESULTS AND DISCUSSION
BL films with polycarbonate/metallic layer of (001)-oriented (BEDO-TTF) 2.4 I 3 crystals ( Fig. 1 ) were prepared and studied under external electrical fields with a wide range of voltage bias and under different humidity conditions. The formation of the metallic (001) oriented layers of (BEDO-TTF) 2.4 I 3 on the BL film was confirmed by X-ray diffraction, low-frequency Raman spectroscopy, conducting AFM, and DC transport measurements.
The X-ray diffraction measurement was first carried out on the conducting layer of the polycarbonate/BEDO-TTF 2.4 I 3 bilayer film.
The X-ray pattern shows only the peaks that correspond to the reflections of (001) planes of (BEDO-TTF) 2.4 I 3 crystals (ESI, Figure  ESI1 ). This confirms the relative orientation of the BEDO-TTF molecules as schematically shown in Fig. 1a and Figure ESI1 (inset). At this orientation the molecular conducting layer of BEDO-TTF-based radical cations is parallel to the film plane. Likewise, the anionic layer that comprises of the linear triiodide counterions (located at the corners of the unit cell) 27 is also parallel to the film plane (Fig. 1a) . Additionally, the X-ray pattern shows a broad peak at 2θ = 17.275 which corresponds to a d value of 5.1331 Å ( Figure  ESI1 ). This broad peak may originate from the PC substrate 33 or from the formation of some amount of the (BEDO-TTF)-based product in a low crystalline state. Next, the low-frequency Raman spectra (ESI, Figure ESI2 ) exhibits a band at 107 cm −1 that corresponds to the symmetric stretching mode of I 3 − anions in (BEDO-TTF) 2.4 I 3 crystals, ratifying the nature of the counter ion of the salt. 30 The topographic and current AFM images (ESI, Figure  ESI3 ) reveals that the (BEDO-TTF) 2.4 I 3 layer is composed of elongated plate-like crystallites that form a highly conductive network with ohmic-like behavior. Finally, the four-point temperature dependent resistance of the (BEDO-TTF) 2.4 I 3 film (ESI, Figure  ESI4a ) also reveals a metallic behavior. We therefore confirmed that the metallic (001)-oriented layer of (BEDO-TTF) 2.4 I 3 salt is present at the surface of the polycarbonate films.
To begin our tests, first Pt wires were contacted to the active (BEDO-TTF) 2.4 I 3 layer of the BL films in a two-point top-top configuration (Fig. 1b for the initial configuration and Fig. 1c for transparent state configuration). An electrical model of the top-top structure is provided in Fig. 1d , for the initial configuration, and Fig. 1e for the transparent state configuration. The setup can be modeled as three series resistors, representing the two metallic interfaces at the Pt-tip and the resistance of the (BEDO-TTF) 2.4 I 3 layer. 34, 35 As will be discussed later, when the film is in its pristine state, metallic contacts are established between the Pt wires and the conducting layer. During and after the color transformation, its metallic state is not preserved and a Schottky Barrier Height (SBH) is formed at the contact interface which governs the global transport properties, inducing a rectifying behavior (Fig. 1c, e ). 36 To demonstrate the color transformation of the BL film, a voltage bias was applied under different humidity levels. The transformation was realized when we applied an electric field with a positive voltage bias at relative humidity (RH) levels higher than (Fig. 2) . A reversible voltage-dependent discoloration process was observed around one of the probe contacts (ESI, Supporting Movie S1 and S2 up to ±8 V operating voltages). This process is fast in comparison with previous results in other materials. [37] [38] [39] We also confirmed that the discoloration process did not happened at lower RH levels; so it is clear that the discoloration of the conducting layer of the BL film requires water molecules. To overcome the need of operating at high humidity ambient conditions, we have performed measurements with a simple application of a thin hydrophilic PVA (polyvinyl alcohol) layer on the top of the BL film's surface to increase and keep the water content. This method works remarkably well, allowing the electrochromism to be realized at ambient conditions.
Besides electrochromism, the electrical response of the BL film to cyclic voltages from -8 to +8 V (see ESI, Supporting Video S2 at ±8 V operating voltage) demonstrates a rectifying behavior which is correlated with the voltage-dependent discoloration. As shown in Fig. 3a , after several conditioning cyclic voltage applications (~10 cycles) (ESI, Figure ESI5 ), stable I/V curves are achieved. Indeed, the inset of Fig. 3a contains eight overlapped voltage cyclic curves, demonstrating the stability of the rectifying behavior. We note that a huge hysteresis was observed and could be attributed to the contribution of instantaneous current during the chemical processes in the discoloration processes. Despite the hysteresis, it was evident that the rectifying behavior persisted. Preliminary results on other BEDO-TTF bilayer system showed the suppression of such hysteresis and consequently improved the rectifying behaviors. From another perspective, perhaps such a hysteretic effect could potentially be utilized for memory applications. 35 The origin of the rectifying behavior can be attributed to the classical picture of semiconductor/metal interfaces. To confirm this, we performed temperature dependent resistance measurements of the discolored film after bias applications and compared it to that of the pristine opaque film. Indeed, from the temperature dependent resistance (Fig. 3b) , the discolored film is a semiconductor whereas the pristine opaque film is metallic. This difference effectively increases the potential barrier across the electrodes, resulting in a rectifying behavior. Lastly, the room temperature sheet resistance (ESI , Table ESI1 ) of the discolored film is two orders of magnitude higher than that of the pristine film, indicating a possible redistribution of iodine content of the film.
According to the previous report, 31 the electrochromic and rectifying properties of the BL film should originate from the substitution of I 3 anion with hydrated I anion. To prove this mechanism, the concentrations of sulfur and iodine atoms around the Pt electrode were examined after the application of positive electric potential (bias). EDX analysis was carried out under SEM to map out the elemental distribution on the BL film (Fig. 4) . The following results are obtained: (i) the sulfur content is uniform over the whole studied area (Fig. 4b, d) ; (ii) the iodine is abundant Fig. 2 Snapshots extracted from the Supporting Movie S2 (see ESI). This series of photos demonstrates the time-scale and reversibility of the voltage-dependent discoloration/coloration of the thin conducting layer of the BL film. Applied bias was +5 V during the discoloration, and −5 V during the recovery near the electrode and is deficient in most part of the colorless zone at where the iodine concentration is around half of that in the colored zone (Fig. 4c, d) ; and (iii) outside of the colorless area the iodide content is uniform. In essence, the results demonstrate that when the electrical field is applied in moist environment, the triiodine anion in the metallic (BEDO-TTF) 2.4 I 3 is depleted near the anode.
Further EDX analysis was carried out to obtain the approximate stoichiometry of the salts in various areas of the sample (position 1-3), including at the Pt electrode (position 4) after the positive bias application (Fig. 5) . At position 1 (opaque area), the iodine to sulfur atomic percentage (At%) ratio is determined to be 20.27% to 79.73% which agrees with the stoichiometry of (BEDO-TTF) 2.4 I 3 . At position 2 (colorless area), a clear decrease in iodine content is observed as also shown in Fig. 4d previously. Deeper inside the colorless zone (position 3), the iodine to sulfur At% ratio is found to be 12.38% to 87.62%, close to that expected for [(BEDO-TTF) 1 
This result is therefore consistent with the idea of I 3 anions substitution by hydrated I anions in the colorless state. 31 Consequently, the replacement of 
We suggest that the iodine, which is produced by the oxidation of iodide ions during a positive bias scan, is able to additionally oxidize BEDO-TTF molecules while its excess is reversibly adsorbed by the Ptbased electrode. 34 Such ion-trapping mechanism was previously observed for other electrochromic materials showing a high degree of reversibility, as also in our case (ESI, see Figure ESI6 ). 36 Indeed, at the Pt electrode (Fig. 5, position 4 ) a high concentration of iodine is observed. The iodine to sulfur atomic ratio is 66.76% to 33.24%. In terms of the weight % ratio, it is observed to be 88.83% to 11.17%. The presence of sulfur at the Pt electrode may indicate a small amount of residual crystal that is being peeled-off and transferred from the film to the tip due to the hard Pt tip pressing onto the soft film.
Based on the observed results, we propose a two-step transformation of the anionic layer as the main mechanism for the removability of I 3 − anions that takes place under a positive potential scan. In the first step, I 3 − anions move to the positively charged Pt-based electrode, where they are oxidized to I 2 molecules; some amount of iodine is now being trapped by the Pt-based anode. 33 In the second step, the iodine that are not adsorbed, diffuse into the BEDO-TTF-based layer and react with BEDO-TTF molecules. In the presence of water this redox reaction results in the formation of the colorless anionic [I molecules perform two important functions: (1) water facilitates both the transport of I 3 − anions to anode and the diffusion of the formed I 2 molecules to the BEDO-TTF-based layer and (2) it helps to stabilize I − species via the formation of hydrated anions
The removability and recovery of I 3 − anions is likely the unifying factor that is responsible for the electrochromic and diode-like behaviors of the studied BL film. The removability of I 3 − anions in moist environment effectively results in both the physical discoloration and also the change in the degree of charge transfer between BEDO-TTF molecules and iodide-based counter ion, turning the colorless area into a semiconducting barrier that is essential to achieve a diode-like property. 4 It is remarkable that a thin bilayer film of (BEDO-TTF) 2.4 I 3 / polycarbonate can provide flexibility, reversibility, electrochromism, and rectifying behaviors all in a single relatively straightforward device due to a simple I 3 − migration processes. The reversible migration of iodine species and chemical transformation in a moist environment can be controlled by applying different bias to the Pt electrodes, effectively altering the coloration and the charge transfers. The reported results constitute a proof-of-concept that opens up new possibilities for the design and fabrication of organic electrochromic and rectifying devices that operate with a very simple working principle. Furthermore, the basic requirement for achieving such electrochromic behavior is attained without the need of using a complicated pre-processing or post-processing, since it simply needed a metallic electrode, a low voltage bias, and a small water content. We hope that our work will inspire others to prepare novel materials with lower operation voltages, high switching speeds, and better diode on/off current ratios. We are currently underway along these directions by investigating other conducting charge-transfer salts and electrodes combinations. Of interest would be the incorporation of electrode patterning techniques since they should allow a pixel by pixel manipulation of the film's transparency and a parallel device production.
METHODS

Bilayer films preparation
Samples of metallic BL polycarbonate/[(BEDO-TTF) n films were fabricated using the previously reported synthetic procedure. 5, 10, 26 Polymeric films were cast on a glass support at 130°C from a 1,2-dichlorobenzene solution of polycarbonate and the organic donor BEDO-TTF. Then, to cover the films with the (001)-oriented layers of (BEDO-TTF) 2.4 I 3 , we exposed the film surfaces to the vapors of a saturated solution of I 2 in dichloromethane at equilibrium for 3 min at 30°C and RH of 40%. To control the temperature and humidity, a climatic chamber Memmert HPP 108 was used.
Electronic characterization
A piece of a bilayer film was cut and mounted on a G10 platform. Two 24 micron Pt wire were slightly pushed on their tips against the bilayer film to form two electrical contacts. The setup was then put inside a clear custombuilt humidity chamber positioned under an optical microscope with a digital camera recorder. The tests were performed using a Keithley 6517A electrometer and a HP 4156A semiconductor parameter analyzer.
Temperature dependent transport
Both the opaque and transparent films were first cut into size. Then, 12 micron gold wires were attached on the films using carbon paste electrodes at 4 equidistant positions. Measurements were carried out in 4-point configuration using Keithley 6221 current source and Keithley 2182A nanovoltmeter.
X-ray diffraction analysis
Diffraction measurements were carried out on a Bruker D8Advance diffractometer with a CuKα radiation (λ = 1.54184 Å) with a Vantec-500 two dimensional detector and collimator of 0.5 mm on the primary optic. 2-Theta scans were collected in a range from 4 to 42 degrees, 1200 s/frame. The BL film was mounted as it is on the sample holder. The conducting layer of the polycarbonate/(BEDO-TTF) 2.4 I 3 was then directly subjected to obtain the x-ray pattern. We used the Bruker software package for 2D image processing and 2D diffraction pattern integration. 
Raman characterization
Micro-Raman measurements were carried out using the 5145 Å line of an Argon-ion laser at room temperature with a Jobin-Yvon T-64000 Raman spectrometer attached to an Olympus microscope to allow for the focusing of the laser spot on the sample within a micrometer scale; and equipped with a liquid-nitrogen-cooled charge coupled device detector. Low laser power levels onto the sample were used to avoid degradation on the films due to overheating. The data acquisition was carried out with a spectral resolution of 1 cm −1
. Silicon phonon-line (521 cm −1 ) was used for the calibration of the spectrometer.
SEM and EDX study SEM and EDX measurements were obtained by field-emission JEOL JSM 7410F at 5 keV and 20 keV, respectively on uncoated films after positive bias application at high humidity levels.
AFM testing
The current atomic force microscopy images were acquired using a Keysight 5500 AFM with a current-to-voltage converter "Resiscope". The following tip RMN-25PT300 was used for all the scans. In order to acquire the current map, the sample was biased with a constant voltage throughout the measurement. To obtain the I/V curves, the bias was swept with a slew rate of 15 V/s. A constant force of 200 nN was applied to the sample in order to maintain a good mechanical contact.
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